The objective of this study was to determine the effects of physical restraint and electrical stunning on plasma corticosterone, postmortem metabolism, and quality of broiler breast muscle. Before slaughter, a total of 160 Arbor Acres broilers were randomly categorized into 2 replicate pens (80 broilers per pen) and every pen was randomly divided into 4 groups (free struggle, physical restraint, free struggle and electrical stunning, and physical restraint and electrical stunning; n = 20 per group). Glucose, lactate, and corticosterone were determined on blood plasma samples. Pectoralis major were removed after evisceration and used for determination of meat quality, energy metabolism, and calpain activity. In this study, reducing free struggle by physical restraint combined with electrical stunning improved (P < 0.05) meat water holding capacity. Free struggle preslaughter and during bleeding increased (P < 0.05) breast muscle redness, energy metabolism, and autolysis of μ/m-calpain and decreased (P < 0.05) meat shear values. Physical restraint and electrical stunning decreased (P < 0.05) plasma corticosterone level.
INTRODUCTION
In poultry processing plants, electrical stunning via a water bath is the most widely used process preslaughter for immobilization. Electrical stunning of poultry has been shown to delay the onset of rigor, presumably by reducing wing flapping during bleeding and the rate of early postmortem glycolysis (Xu et al., 2011; Joseph et al., 2013) . Wing flapping just before and during bleeding has been shown to affect energy metabolism and final meat quality of turkey breast muscle (Ma and Addis, 1973; Ngoka et al., 1982) . Previous research showed that the action of birds struggling on the shackle line increased the initial rates of pH decline (Debut et al., 2003) . Physical restraint reduced preslaughter free struggle, which reduced the initial rates of pH decline in postmortem broiler meat . The rates of postmortem pH decline play a crucial role in conversion of muscle to meat and are important for final meat quality as a result of the activation of calpain (Sterten et al., 2010) . In mammals, the increase in the rate of glycolysis, through an effect on pH, can boost the rate of autolysis of μ-calpain (Dransfield, 1992; Hwang and Thompson, 2001 ). For poultry, μ/m-calpain is dominant in all tissues and has intermediate calcium sensitivity between the μ-and m-calpains in mammalian tissues (Lee et al., 2007) . To our knowledge, little information is available regarding whether the calpain system affects the tenderization of broiler meat and how electrical stunning and physical restraint influence the broiler calpain system. Therefore, the present study was designed to investigate the effect of electrical stunning and physical restraint on plasma corticosterone, postmortem metabolism, and quality of broiler pectoralis major muscle.
MATERIALS AND METHODS

Sampling
All procedures were approved by the Animal Care and Use Committee of the College of Food Science and Technology of Nanjing Agricultural University. For this study, 160 Arbor Acres broilers (45 d old; mixed sex; 2.0-2.5 kg) were obtained from the holding area of a commercial plant in summer. Then, they were randomly categorized into 2 replicate pens (80 broilers per pen) and each pen was randomly divided into 4 groups (free struggle [FS] , physical restraint [PR] , free struggle and electrical stunning [FSES] , and physical restraint and electrical stunning [PRES] ; n = 20 per group). Feed was withdrawn at about 12 h before slaughter. The broilers were then transported for about 30 min from a holding area to the slaughter house. After resting all broilers for 1 h, the broilers were slaughtered in batches (mixed free struggle and restrained). Two groups of the broilers were physically restrained with a nylon fabric with hookand-loop straps to secure the wings to the body as described by and the other 2 groups were without treatment (FS). According to commercial practice, the live broilers for FSES were attached to a metal shackle and the broilers were hung upside down (FS). One PR group and 1 FS group were hung for about 30 s and then directly slaughtered. The other 2 groups were hung for about 20 s and then hang in shackles and stunned for 10 s with a constant voltage of 15 V pulsating direct current at 750 Hz (average of 13 to 15 mA per broiler). All the broilers were bled by severing the jugular vein and carotid artery using a hand-held knife on 1 side of the neck to allow bleeding for 150 s.
Blood samples (5 mL) were collected in heparinized anticoagulant tubes (Nanjing Dingguo Bioengineering Institute, China) from 20 broilers in each treatment group during bleeding while being suspended from shackles. The blood samples were immediately cooled in ice, and the tubes were centrifuged for 10 min (at 4°C) at 1,800 × g and the plasma was removed and stored at -80°C until required for analysis of glucose, lactate, and corticosterone. The broilers were scalded at 54°C for 120 s and plucked for 30 s. After evisceration, both pectoralis major muscles were immediately removed and placed in ice. The left pectoralis major from each of the 20 broilers whose blood had been collected from each treatment was divided into 4 pieces along the long axis as shown in Fig. 1 . Parts 1, 2, 3, and 4 were stored at 0°C for 0.3, 3, 6, and 24 h, respectively, and then frozen in liquid nitrogen. All the samples were stored at -80°C until required for analysis. Muscle pieces were subdivided for the determination of pH, lactate, glycogen, ATP, ADP, adenosine monophosphate (AMP), and calpain activity before freezing. The right pectoralis major muscle from 40 broilers in each treatment were placed at 0°C until 24 h postmortem for meat color, drip loss, cooking loss, and shear value measurements.
Plasma Parameters
Plasma corticosterone, glucose, and lactic acid were measured using a chicken corticosterone ELISA kit (R&D Systems), glucose kit (Nanjing Jiancheng Bioengineering Institute, China), and lactic acid kit (Nanjing Jiancheng Bioengineering Institute), respectively. Samples were measured in triplicate according to the manufacturers' instructions.
Meat Color Measurement
Meat color was measured in triplicate on the bone side (medial surface) in an area free of color defects using a Minolta Chroma Meter CR-400 (Minolta Co., Ltd., Osaka, Japan) with settings of illuminant D65, a 0° viewing angle, and an 8-mm aperture. The colorimeter was calibrated using a standard white (CR-A43; Y = 93.5, x = 0.3114, and y = 0.3190). The CIELab system values of lightness (L*), redness (a*), and yellowness (b*) were recorded at 24 h postmortem.
Drip Loss
Two strips of 2 by 2 cm (about 25 g) were removed from the center of each right-side pectoralis major muscle at 24 h postmortem. Each strip was weighed and then individually attached with a clip to the inside of an air-inflated plastic bag, which was left to hang at 4°C for 24 h. The strips were positioned so that no contact was made with the inside of the bags. Each strip was weighed after removal from the bag and drip loss was expressed as the percentage of initial weight. 
Cooking Loss
Two samples were taken from the thickest place of the right pectoralis major in each broiler at 24 h postmortem and then cut into cuboids. Each sample (20 ± 1.5 g) was weighed exactly (W 1 ) and individually placed into polyethylene bags and cooked in a water bath at 85°C until the center temperature had reached 70°C (Jiang et al., 2011) . The center temperature was tracked with a portable needle-tipped thermometer during cooking. The cooked samples were cooled in running water to ambient temperature and then stored at 4°C for 24 h. The samples were removed from the bags and dried using filter paper and then reweighed (W 2 ). Cooking loss was calculated as 100% × (W 1 -W 2 )/W 1 .
Shear Value
The cooked meat was trimmed into strips (1 by 1 cm) along the direction of the myofibrils after testing for cooking loss as described by Li et al. (2012) . Each strip was subjected to 3 shear measurements across the long axis of the muscle fibers using a texture analysis machine with a Warner-Bratzler single-blade type (model TA-XT2i; Stable Micro Systems, England). Test speed was 3 mm/s and the results were expressed in newtons.
Muscle pH Measurement
Muscle pH measurements were performed according to the method of McGeehin et al. (2001) with minor modifications. A frozen sample (0.5 g) was homogenized (Ultra Turrax T25; IKA, Germany) at 6,000 rpm for 2 × 15 s, with a 5 s break, in 4.5 mL of ice-cold buffer containing potassium chloride (150 mM) and sodium iodoacetate (5 mM), pH 7.0. The pH of the homogenate was measured in triplicate with a Hanna 211 pH meter (Hanna Instruments, Italy).
Glycogen and Lactate
Muscle lactate and glycogen were measured on homogenized frozen samples using a lactic acid kit (Nanjing Jiancheng Bioengineering Institute) and a glycogen kit (Nanjing Jiancheng Bioengineering Institute), respectively. Each muscle sample was measured in triplicate according to the manufacturers' instructions.
Adenosine Triphosphate, ADP, and Adenosine Monophosphate Determinations
The concentrations of ATP, ADP, and AMP in postmortem muscle were determined in triplicate by HPLC according to Wang et al. (2013) with some modifications. The frozen muscle sample (0.5 g) was homogenized in 3 mL of 7% ice-cold perchloric acid at 13,500 rpm for 30 s (Ultra Turrax T25; IKA). Then, the homogenate was centrifuged (15,000 × g) at 4°C for 10 min (Avanti J-E; Beckman Coulter, CA). The supernatant was neutralized with 0.85 M KOH and centrifuged (15,000 × g for 10 min at 4°C) to remove KClO 4 . The neutralized supernatant was filtered through a 0.22-μm filter before being injected into an HPLC system (Agilent 100; Agilent Technologies). Ten microliters of filtered supernatant was injected into the chromatograph column (Zorbax SB-C18; particle size: 5 μm; 0.3 by 150 mm; Agilent Technologies). Mobile phase flow rate was 1.0 mL/min and consisted of an aqueous (A: 0.06 M dipotassium hydrogen orthophosphate, 2.5 mM tetra-butylammonium hydrogen sulfate, and 0.04 M potassium dihydrogen orthophosphate, pH 7.0) and an organic phase (B: methanol). Proportions of mobile phase A and B were 86.5 and 13.5%, respectively. Ultraviolet detection was performed at 254 nm. Peaks were identified and quantified by comparison of peak area and retention time with known external standards.
Casein Zymography
The casein zymography method of Huang et al. (2012) was used with slight modification to quantify the activities of calpains in the samples. Each sample was analyzed in triplicate. One volume of supernatant (prepared as described by Veiseth et al., 2001) pH 6.8) . Gels (9 cm wide and 8 cm tall) were run on mini slab electrophoresis units (Bio-Rad Laboratories, Hercules, CA). The running buffer contained 1 mM EDTA, 192 mM glycine, 0.05% (vol/vol) MCE, and 25 mM Tris, pH 8.3. Gels were prerun at 100 V for 15 min and then run at a constant voltage (100 V) for approximately 4 h. Following electrophoresis, the gels were incubated in 5 mM CaCl 2 , 0.1% (vol/vol) MCE, and 50 mM Tris-HCl, pH 7.5, with 3 changes (20 min each). Gels were then incubated for 12 h in 5 mM CaCl 2 , 0.1% (vol/vol) MCE, and 50 mM Tris-HCl, pH 7.5. Then, the gels were stained in a solution containing 0.1% (wt/vol) Coomassie brilliant blue R-250, 7% (vol/ 40% [vol/vol] methanol and 7% [vol/vol] glacial acetic acid). Calpain activity was indicated by the density of clear zones in the stained gels, which were scanned with Imagescaner III (General Electric) and analyzed with Quantity One software (BioRad Laboratories).
Statistical Analyses
The effect of treatments on plasma and meat quality data were analyzed using a 1-way ANOVA. The main and interactive effects of treatments and postmortem time on other variables were evaluated using a mixed-model ANOVA, where the measured variables were set as dependent variables, time, treatment, and time × treatment as fixed effects, and animal as random effect. The number of replications for meat color, drip loss, cooking loss, and shear value is 40 and for others is 20. The pairwise differences between means were evaluated by Bonferroni's method. Effects and differences were considered significant at P < 0.05. Analyses of variance were conducted using the SAS program (version 8; SAS Inst. Inc., Cary, NC).
RESULTS AND DISCUSSION
Plasma Parameters
Plasma corticosterone is the most important glucocorticoid in birds and preslaughter FS can increase the concentrations of plasma corticosterone (Girard and Garland, 2002; Bedanova et al., 2007) . In the present study, the concentrations of plasma corticosterone in the restraint (PR and PRES) groups were lower (P < 0.05) than in the struggle (FS and FSES) groups and the level of plasma corticosterone in the (ES) group was lower (P < 0.05) than the FS group (Table 1), indicating that PRES both reduced the concentrations of plasma corticosterone. This suggests that preslaughter struggle may increase the concentrations of plasma corticosterone. This result is consistent with previous findings where plasma corticosterone of wheel running mice for 20 min was significantly elevated, compared with their concentrations before running (Girard and Garland, 2002) . Debut et al. (2005) also showed that the duration of wing flapping was positively correlated with plasma corticosterone concentration. The level of plasma lactate in the FS group was greater (P < 0.05) than in the restraint groups, which demonstrated that strong FS increased blood lactate concentration. This result is in agreement with previous findings that the duration of wing flapping was highly positively correlated with blood lactate (Debut et al., 2005) . This was likely because vigorous wing flapping accelerated the formation of muscle lactic acid, leading to blood acidification, as suggested by Dejours (1930) . The plasma glucose concentrations were not different (P > 0.05) between treatments.
Muscle pH and Lactate
In the present study, muscle pH decreased with time postmortem. The pH in the restraint groups (PR and PRES) was greater (P < 0.05) than in the struggle groups (FS and FSES) at 0.3 h postmortem (Fig. 2) . The FS group reached ultimate pH at 3 h postmortem and was lower (P < 0.05) than the other groups; however, the pH was not significantly affected by treatment after 6 h postmortem. The present findings are in agreement with previous studies that showed that the initial rate of pH was accelerated by free wing flapping (Ma and Addis, 1973; Froning et al., 1978; Ngoka et al., 1982; Debut et al., 2003) . The pH in the FSES group was higher (P < 0.05) than the FS group at 3 h postmortem. This may be due to electrical stunning reducing wing flapping during bleeding . Muscle lactate concentration was affected (P < 0.05) by treatments and aging time. The lactate concentration in the struggle groups (FS and FSES) was higher (P < 0.05) than in the restraint groups (PR and PRES) at 0.3 h postmortem. As the work of Debut et al. (2005) showed that the duration of FS was strongly positively correlated with muscle lactate concentration, it is likely that preslaughter FS had increased the rate of glycolysis (anaerobic) leading to the accumulation of lactate and decreased muscle pH.
Meat Color
Meat color, drip loss, cooking loss, and shear values were determined on the samples at 24 h postmortem. Objective meat color scores indicated that redness (a* value) in the FS group was higher (P < 0.05) than in other groups (Table 2) but lightness and yellowness (L* and b* values, respectively) were not affected (P > 0.05) by treatments. Although there were differences in a* values, the differences were small and would be visually imperceptible. This finding is similar to that re- Table 1 . Effects of physical restraint and electrical stunning 1 on plasma parameters of broilers (mean ± SD; n = 20 each treatment); blood samples were collected during bleed-out
Measurement
No stunning Electrical stunning
Struggled Restrained Struggled Restrained
Corticosterone, ng/mL 159 ± 11.2 a 117 ± 7.7 c 136 ± 9.4 b 127 ± 11.8 c Lactate, mmol/L 16.7 ± 1.4 a 12.7 ± 1.1 b 14.4 ± 1.3 ab 12.6 ± 0.8 b
Glucose, mmol/L 12.2 ± 1.1 12.8 ± 1.2 12.6 ± 0.8 13.3 ± 1.1 a-c Means within a row having different superscripts differ (P < 0.05).
1 A constant voltage of 15 V pulsating direct current at 750 Hz for 10 s.
ported for turkeys where the a* value increased for FS birds compared to the immobilized group and treatment had no effect on L* and b* values (Froning et al., 1978; Ngoka et al., 1982) . According to Ngoka et al. (1982) , struggle increased pigment concentration through increasing muscle blood flow, consequently giving the meat a redder appearance.
Drip Loss and Cooking Loss
Improving water holding capacity is an important issue for meat processing plants to increase product yields. The present study showed that drip loss in the FS group was higher (P < 0.05) than in the other groups and cooking loss in the FS group was higher (P < 0.05) than in the restraint groups (PR and PRES; Table 2 ). The present study was consistent with the findings of Ngoka et al. (1982) , who observed that struggle at slaughter significantly decreased water holding capacity compared with the nonstruggle groups. This was expected as the initial pH decrease rate of the FS groups was significantly higher than for the other groups and with a high carcass temperature (39-42°C) before chilling. A combination of high temperature and low pH postmortem will result in protein denaturation leading to a decrease in water holding capacity (Joo et al., 1999) .
Shear Force
Shear force values measured after a 24-h aging period are presented in Table 2 . Shear force values of the FS group were lower (P < 0.05) than the other groups. But no differences (P > 0.05) were observed within the FSES, PR, and PRES groups. Although significantly different, the magnitude of the difference was quite small and all chicken breast samples would be considered tender based on the means for each treatment (Lyon and Lyon, 1990) . It has previously been observed that fast glycolysis of muscles resulted in more tender meat (Uytterhaegen et al., 1992; O'Halloran et al., 1997) , possibly because of increased autolysis of calpain, thus accelerating protein degradation and leading to tender meat.
Muscle Energy Depletion
Restraint and electrical stunning maintained high muscle ATP, ADP, and glycogen concentration but decreased AMP concentration compared with the FS broilers during the initial 3-h postmortem period (Fig. 3) . The concentration of ATP in the ES group was higher (P < 0.05) than the FS group at 0.3 h postmortem. There Figure 2 . Effects of physical restraint, electrical stunning, and time postmortem on pH and lactate changes of broiler breast muscle. PR = physical restraint; FS = free struggle; ES = electrical stunning and free struggle; ER = electrical stunning and physical restraint. All measurements were expressed as the mean ± SEM (n = 20 each treatment). Means with different letters differ (P < 0.05). were no differences (P > 0.05) in ATP, ADP, AMP, and glycogen among restraint (PR and PRES) groups. After 6 h postmortem, there were no differences (P > 0.05) between treatments for any of the energy-related compound. Numerous studies have shown that preslaughter struggle resulted in an accelerated depletion of ATP, ADP, and glycogen (Debut et al., 2005) and electrical stunning reduced wing flapping, which resulted in decreased depletion of glycogen (Lee et al., 1979; Sante et al., 2000) . This is possible because FS preslaughter and during bleeding increased muscular contraction, which reduced this energy source and accelerated energy metabolite. Previous studies have shown that higher plasma corticosterone leaver and muscular contraction result in increased glycolysis (Sante et al., 2000; Schilling et al., 2008; Liste et al., 2009 ).
Calpain Activity
Electrical stunning and wing restraint had an effect (P < 0. 05) on the activity of μ/m-calpain and phosphorylated μ/m-calpain (postulated by Lee et al., 2007; Fig. 4A and 4B) . The activity of μ/m-calpain in the FS group was lower (P < 0.05) than with the other groups at 0.3 and 3 h postmortem, but there were no differences (P > 0.05) at 6 and 24 h postmortem within treatments. This observation is consistent with other studies where it was shown that an increase in the rate of glycolysis resulted in a greater rate of autolysis of μ-calpain and accelerated the reduction in μ-calpain activities in mammals (Dransfield, 1992; Hwang and Thompson, 2001) . This is likely due to the early release of Ca 2+ ions from sarcoplasmic reticulum in fast pH decline muscle causing activation of μ/m-calpain such that μ-calpain can be activated and autolyzed more quickly (Lee et al., 2008; Wilhelm et al., 2010) . The autolysis of μ-calpain can accelerate the degradation of troponin-T and desmin, which results in relatively low shear values (Soares and Arêas, 1995) . The activity of phosphorylated μ/mcalpain increased with extension of aging time, and essentially this did not differ (P > 0.05) within treatments, except that the FS group was higher (P < 0.05) than other groups at 6 h postmortem. The present study with chicken muscle supports the findings of previous studies showing that the activity of phosphorylated μ/m-calpain increased as aging time was extended (Lee et al., 2008; Wang et al., 2013) .
Implications
The present results demonstrate that reducing FS by PRES decreased broiler meat drip and cooking loss. Free struggle, during the preslaughter and bleeding period, increased meat redness, glycogen utilization, and autolysis of μ/m-calpain, resulting in decreasing meat shear value. Electrical stunning and physical restraint decreased plasma corticosterone level. Figure 4 . Effect of physical restraint, electrical stunning, and time postmortem on μ/m-calpain of chicken breast muscle. A) μ/m-calpain relative density and B) phosphorylated μ/m-calpain relative density. PR = physical restraint; FS = free struggle; ES = electrical stunning and free struggle; ER = electrical stunning and physical restraint. All measurements were expressed as the mean ± SEM (n = 20 each treatment). Means with different letters differ (P < 0.05).
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